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ABSTRACT
Very low frequency (VLF) waves play an important role in controlling the evolution of energetic electron
distributions in near-Earth space. This paper describes the design of a VLF receiver for the Climatology of
Anthropogenic and Natural VLF Wave Activity in Space (CANVAS) CubeSat mission, designed to make
continuous observations of VLF waves in low-Earth orbit originating from lightning and ground-based
transmitters. The CANVAS VLF receiver will observe five components of VLF waves in the 0.3–40 kHz
frequency range, using three orthogonal magnetic search coils deployed on the end of a 1-meter carbon
fiber boom and four deployable electric field antennas operated as two orthogonal dipoles. Together, these
five wave components will be used to calculate real and imaginary spectral matrix components using
real-time fast Fourier transforms calculated in an onboard FPGA. Spectral matrix components will be
averaged to obtain 1 second time resolution and frequency resolution better than 10%. The averaged
spectral matrix will be used to determine the complete set of wave parameters, including Poynting flux,
polarization, planarity, and k-vector direction. CANVAS is currently in the manufacturing and assembly
phase and is planned to launch at the end of 2022.
INTRODUCTION

ticles, impacting atmospheric chemistry, astronaut
safety, and satellite operations.2 These radiation
belt populations are also strongly affected by VLF
waves generated in the magnetosphere, including
chorus, hiss, and Electromagnetic Ion Cyclotron
(EMIC) waves.3, 4 However, the relative contribution of ground-based VLF sources to the control of
radiation belt populations is not well understood.
Accurate quantification of VLF energy propagating
from the ground, through the ionosphere, and into
the magnetosphere is critical to our understanding
of the effects of ground-based VLF sources in the
space environment.
In addition, quantification of VLF energy above
the ionosphere informs trans-ionospheric absorption
estimates. The originally modeled absorption curves
by Helliwell5 have shown significant disagreement
with satellite observations6 and full wave modeling.7
Yet, there remains a lack of comprehensive VLF observations above the ionosphere to validate proposed
curves and their spatial and temporal variation.

Lightning releases powerful electromagnetic
pulses that are partially absorbed by the lower ionosphere but continue to propagate through the magnetosphere. In the very low frequency (VLF) range,
this propagation takes the form of a whistler-mode
wave, named for the short descending tone made
when played over a speaker in the acoustic range.
Figure 1 shows an example whistler observed in lowEarth orbit. In addition to lightning, ground-based
VLF transmitters operated by the US and other
Navies also emit VLF energy, most significantly in
the ∼15–30 kHz frequency range. These also propagate through the magnetosphere as whistler-mode
waves, and are found in the greatest intensity above
ground-based transmitters.1
Whistlers in the magnetosphere can interact with
the radiation belts, regions of energetic particles
trapped in the Earth’s magnetic field. Whistlers
can induce precipitation of trapped energetic parReid
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The Climatology of Anthropogenic and Natural
VLF Activity in Space (CANVAS) CubeSat mission
will provide continuous observations of VLF waves
in low-Earth orbit originating from lightning and
ground-based transmitters in order to accurately
quantify the amount of VLF energy above the ionosphere and validate trans-ionospheric absorption estimates. This paper describes the compact fivechannel VLF wave receiver that will make these observations onboard the CANVAS 4U CubeSat.
PREVIOUS VLF OBSERVATIONS
CANVAS will leverage the experience of previous VLF-observing missions to expand existing
VLF datasets. Among these missions are The Detection of Electromagnetic Emissions Transmitted
from Earthquake Regions (DEMETER) mission developed by the French National Centre for Space
Studies and the recent ZhangHeng-1 satellite (ZH-1)
developed by the Chinese Academy of Space Technology. The DEMETER mission operated from
2004 to 2010 and observed VLF waves from a sunsynchronous orbit at approximately 700 km altitude.8 DEMETER made five-channel observations
of VLF waves with three magnetic field channels
and two electric field channels. One of the principal interests of the DEMETER mission was to observe VLF signals over earthquake-active regions,
and therefore burst-mode observations were spatially limited to specific areas. ZH-1, which launched
in 2018, has similar scientific goals as DEMETER.9
ZH-1 observes VLF waves with six channels, three
channels of both electric and magnetic fields. Early
results from ZH-1 show electromagnetic fields induced above VLF transmitters and in their respective conjugate regions with similar stability and reliability as DEMETER observations.10 Both DEMETER and ZH-1, however, have sun-synchronous orbits and are therefore limited to 10:30/22:30 and
02:00/14:00 local times, respectively.
To provide a complete climatology of VLF energy, CANVAS will make continuous observations
from a CubeSat platform in a circular orbit covering
all magnetic local times. Furthermore, DEMETER
and ZH-1 made VLF observations up to 20 kHz,
while Figure 1 indicates that whistler energy extends
beyond 20 kHz. CANVAS will observe VLF waves
from 0.3–40 kHz to observe this higher frequency
whistler energy and capture signals of the many
global VLF transmitters in the 15–30 kHz range.
CANVAS follows another VLF-observing CubeSat, the Very Low Frequency Propagation Mapper
(VPM), which operated in 2020.11 VPM was a 6U
Reid

Figure 1: Whistlers Observed by DEMETER;
from Lefeuvre12
CubeSat developed by the Air Force Research Lab
that made continuous VLF observations from lowEarth orbit using two channels, one electric field and
one magnetic field. VPM paved the way for implementing a low-cost VLF receiver integrated into a
6U CubeSat platform. CANVAS will improve upon
VPM by implementing five channels of VLF observations from a 4U platform. As discussed further
in the data processing section, five-channel observations allow for full wave parameter analysis that
resolves Poynting flux, polarization, planarity, and
k-vector direction.
THE CANVAS MISSION
The CANVAS instrumentation suite will be integrated into a 4U CubeSat, the size of which was chosen to accommodate the sizeable magnetic field instrument and deployable boom. An internal view of
CANVAS is shown in Figure 2, with payload components marked in white and additional spacecraft systems labeled in red. The spacecraft bus and payload
includes a combination of student-built and commercial off the shelf components for a low-cost, compact
VLF-sensing mission. The spacecraft bus includes
2
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Figure 2: Internal View of the CANVAS CubeSat
dipole antennas before further filtering and amplification occurs at the analog receiver board inside the
spacecraft. The second instrument has of three magnetic field search coils, which will be deployed via
a 1-meter carbon fiber boom at the opposite end of
the spacecraft. A 3D-printed PEEK holder holds the
search coils in a mutually orthogonal orientation and
houses the magnetic field preamplifier, where signals
are filtered and amplified before they are routed to
the analog receiver board inside the spacecraft for
further processing.
Finally, the five-channel analog signals are converted to digital signals and processed via an onboard field-programmable gate array (FPGA) on
the digital receiver board before transmission to the
spacecraft command and data handling (CDH). The
entire VLF instrument (sensors and holders, boom,
and PCBs) weighs less than 1.3 kg, and consumes
approximately 4.5 W post-deployment. The following subsections describe each of these instrument
components in detail.

the Blue Canyon Technologies XACT Attitude Determination and Control System to that provides
position knowledge better than 10 km and pointing
knowledge within 1 degree. Along with the payload
deployables (antennas and boom), CANVAS will deploy two 40 cm by 10 cm solar panels on either side
of a body-mounted panel to provide sufficient power
to the spacecraft. CANVAS will also deploy a UHF
antenna for telemetry and housekeeping data downlink and command uplink. For science data, an Sband transmitter patch will downlink ∼ 210 MB of
data each day. Finally, a GPS receiver is also included for position and timing knowledge, and will
provide time stamps for each science packet. To provide a complete climatology of VLF energy above the
ionosphere, CANVAS will operate in low-Earth circular orbit (450–550 km altitude) for one year with
a ∼ 51◦ inclination to cover lightning-active regions.
INSTRUMENT HARDWARE OVERVIEW
The CANVAS VLF receiver includes two instruments and four printed circuit boards. Two instruments, located on either end of the spacecraft
shown in Figure 2, make continuous five-channel
VLF wave observations. The first, four antennas
used for the two-axis electric field dipole measurements, are stowed alongside the spacecraft before
burn-wire deployment on orbit. The electric field
preamplifier, located in-plane with the antennas at
the end of the spacecraft, filters signals from the
Reid

Two-Axis Electric Field Dipole
The CANVAS electric field instrument consists of
four antennas with two antennas per axis, forming a
two-axis dipole antenna, to observe the electric fields
of VLF waves. Signals from each antenna monopole
are conditioned by a preamplifier circuit. As shown
in Figure 3, aluminum hinge housings deploy each
antenna via a spring-actuation mechanism once in
3
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orbit. The housings are 26 mm by 30 mm and
are machined from aluminum with a Delrin insulating insert and assembled in-house using press-fitting
techniques. Each housing with antenna weighs less
than 30 grams.
Whistler observations from DEMETER influenced the CANVAS √
requirement for a sensitivity
better than 1 µV /m/ Hz over the frequency band
of interest. The antenna component is therefore
made as long and thin as possible for optimal sensitivity. The antennas run across the entire length
of the 4U satellite (40 cm). The antenna diameter
is 3.175 mm, chosen to maintain structural integrity
and optimal sensitivity.

Figure 4:
Modelled Antenna Coupling
Crossover Frequency for Sunlit (top) and
Shadow (bottom) Plasma Conditions
However, at high frequencies, this impedance ratio is dominated by the ratio between the sheath
and load capacitance, while at low frequencies, the
resistance ratio dominates. The crossover frequency
between high and low frequency regimes can be
found as 1/(2πRs Cs ), where Rs and Cs are plasma
sheath resistance and capacitance, determined by
the plasma environment and antenna geometry. Assuming the load resistance is much higher than the
sheath resistance at all times, the voltage gain remains at unity in the low-frequency regime. Ideally,
the sheath capacitance is much greater than the load
capacitance so that in the high-frequency regime,
the voltage gain also remains at unity. However,
the sheath capacitance is typically less than 10 pF;
therefore, the load capacitance must be minimized
to avoid severe attenuation.
Based on the antenna geometry and expected
plasma environment given by the International Reference Ionosphere14 at 500 km, the average crossover
frequency between the two regimes is shown in Figure 4 for sunlit and shadow conditions. Figure 4 indicates that the crossover to the high-frequency capacitive regime overlaps with the CANVAS frequency
range at mid- to high latitudes, where lightning activity is a significant contributor to magnetospheric
VLF wave activity. Therefore, the load capacitance,
which includes capacitance between the antenna and
housing, preamplifier, and spacecraft body, is maintained below 35 pF to ensure voltage gain does not
fall below 0.15.
The electric field preamplifiers are housed on a
single PCB integrated into the spacecraft “crown.”
The signal from each monopole is fed to a buffer amplifier with unity gain and a 160 Hz high-pass filter
that processes signals from the four antennas into
two differential signals. The preamplifiers have uni-

Figure 3: Antenna Housing (top) and Crown
with Preamplifier Cavity (bottom)
The antenna design also impacts the coupling
between the antenna and the surrounding plasma
sheath expected in low-Earth orbit. An equivalent
circuit can model this coupling with a plasma sheath
resistance and capacitance and an antenna load resistance and capacitance.13 The impedance ratio between the plasma sheath and the antenna load will
determine the voltage gain at the antenna.
Reid
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Figure 5: CANVAS Three-Axis Search Coils inside 3D-Printed Holder (left and center) and
Magnetic Field Preamplifier (right)
and therefore that resonance response is often within
the frequency range of interest.17 An oppositelywinded secondary coil is placed on the same core as
the primary coil to dampen the resonance response
and maintain a uniform gain in the frequency range
of interest while retaining optimal sensitivity.
The output signals from the primary coils are input into a low-power, low-noise preamplifier based
on designs from the previous VLF missions DEMETER and TARANIS and optimized for the CANVAS
frequency range. The preamplifier circuit includes
two stages of amplification. In the first stage, primary coil signals are amplified with a gain of 50 dB,
and feedback is sent to the secondary coil to dampen
the resonance response in the primary coil. The
first stage output is further amplified with an additional gain of 30 dB and filtered by a bandpass
filter with cutoffs between 45 Hz and 110 kHz at the
second amplification stage. Therefore, the preamplifier adds 80 dB total gain to the three channels.
The response of the engineering models of the search
coils with preamplifier is approximately 2.5 dBV/nT
in the CANVAS frequency range, shown in Figure
6. Engineering
√ models also show sensitivity better
than 10−4 nT/ Hz in the CANVAS frequency range,
highlighted in Figure 6.
The preamplifier amplifies and filters signals before they are routed down the length of the boom to
prevent additional noise pickup, and therefore the
preamplifier board is deployed on the end of the
boom with the search coils inside the search coil
holder, described in the next section. The circularshaped board has a radius of 35 mm, shown on
the right in Figure 5, so that it easily fits inside
the spacecraft pre-deployment. The preamplifier
consumes less than 20 mW of power and weighs
20 grams.

gain, to avoid amplification of any asymmetric signal components prior to producing differential voltages for each dipole. Gain is instead included further
down the signal path at the analog receiver board.
Further detail on sizing this gain is included in the
analog receiver section. The preamplifier PCB is
85 mm by 70 mm, weighs less than 25 g, and consumes approximately 270 mW of power.
3-Axis Magnetic Field Search Coils
Search coil magnetometers are the most common
instrument for sensing the magnetic component of
ELF/VLF waves.15 A search coil includes thousands of turns of wire around a high permeability
core which, in the presence of a time-varying magnetic field, induces a time-varying current in the wire
that can be filtered and amplified.
The CANVAS VLF receiver consists of three mutually orthogonal search coils, designed and built
by the Laboratoire de Physique et de Chimie de
l’Environnement et de l’Espace (LPC2E) in Orléans,
France. The three search coil axes are identical,
and consist of a ferrite core surrounded by over ten
thousand turns of wire inside a 95 millimeter PEEK
dumbbell-shaped casing, shown in Figure 5. Compared to a cylindrical shape, the dumbbell shape allows the centers of the axes to be nearer to each other
and thereby reduces cross-talk between the coils.16
The magnetic component of natural VLF signals
is weak, often fractions of a nanotesla, and therefore
the search coils are √
required to have a sensitivity
better than 10−4 nT/ Hz within the CANVAS frequency range of 0.3–40 kHz. Search coils also have
a resonance response determined by the permeability and number of turns.15 The search coils exhibit
greatest sensitivity near this resonance frequency,
Reid
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Composite Carbon Fiber Boom
The search coils and preamplifier are deployed on
a 1-meter long carbon fiber boom, intended to isolate the search coils from magnetic fields generated
on the spacecraft. The boom will also deploy with
known attitude within 1 degree to maintain pointing
knowledge of the magnetic field instrument. Composite Technology Development (CTD) in Lafayette,
Colorado, and will manufacture the boom and provide the mechanical and electrical interface to the
search coil holder. The composite carbon fiber material allows the boom to be lightweight and compact when in a stowed configuration. The boom is
initially a flattened rolled up spool; upon deployment, the flattened tape rolls up into a cylinder and
locks to itself with teeth. To deploy, the CDH board
enables power to the motor. The motor encoder
provides “counts”, which translate to deployed distances, and will confirm successful deployment.

Figure 6: Sensitivity and Frequency response
of Engineering Models Search Coils; provided
by LPC2E

3D-Printed Search Coil Holder
The search coil holder is a lightweight and compact structure that holds the search coils and preamplifier in mutually orthogonal orientation and is deployed on the end of the 1-meter long carbon fiber
boom. The holder is custom 3D-printed from PEEK,
selected after a material trade study determined
PEEK to be an optimal lightweight, nonmagnetic
thermoplastic that meets the thermal, UV-damage
depth, tensile strength, and outgassing requirements
of launch and low-Earth orbit. Roboze, a custom 3D-printing service specializing in printing polymers, particularly PEEK, will print the engineering
model holder and flight version.
Compared to machining, 3D-printing introduces
particular advantages and disadvantages. Among
the benefits are speed, cost, and the ability to generate complex parts. The holder was specifically designed to reduce the number of fasteners needed, and
the final 3D-printed design consists of five uniquely
shaped pieces that can be printed in less than two
days and assembled in a lab setting in a few minutes. However, 3D printing introduces the possibility of anisotropy in the structure, which complicates
stress and vibration analyses. Therefore, the engineers at Roboze advise the team on the planar printing direction for each part, and the assembled holder
with search coils will also undergo thermal, vacuum,
and vibration testing. The assembled holder with
fasteners weighs 185 grams.
Reid

Figure 7: Carbon Fiber Boom in Stowed and
Deployed Configuration; figure courtesy of
Composite Technology Development
Integrated into the hollow composite carbonfiber boom are four shielded, twisted-pair cables that
route the three magnetic field differential pair signals
to the analog board and supply power (±5V) from
the analog board to the preamplifier. The cables
integrate into a slip ring inside the boom housing
to allow for rotation during deployment. Laboratory testing has shown that the slip ring will not
add significant electrical noise to the signals. At the
end of the boom is an aluminum cap that fastens to
the search coil holder. Boom dimensions are shown
in Figure 7, allowing it to stow inside significantly
less than a standard CubeSat unit (10 cm by 10 cm
by 10 cm). The entire assembly weighs less than
500 grams and requires 0.5 W to deploy.
6
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Figure 8: Analog Signal Processing Chain
Analog Electronics

Digital Electronics

The analog receiver board processes all five channels of VLF data through four main stages, shown
in Figure 8. The first stage, a differential amplifier, adds needed gain to the electric and magnetic field observations and converts the signals to
single-ended. Expected maximum whistler amplitudes were found by processing large quantities of
DEMETER burst-mode data for daytime and nighttime conditions. It was determined that a maximum electric field amplitude of 5 mV/m for intense
whistlers should be the upper limit of the CANVAS
dynamic range, with a corresponding amplitude of
0.5 nT at the magnetic field channels. Therefore,
the electric field channels differential amplifier includes 68dB of gain, and the magnetic field channels
include 5.5 dB (in addition to 80 dB of gain at the
preamplifier).
The second stage of the analog board is an eighth
order type-II Chebyshev anti-aliasing filter, selected
for optimal passband stability and large stopband
attenuation. The filter has a 50 kHz cutoff frequency,
less than 1 dB of ripple in the passband, and -60 dB
attenuation at 88 kHz. The third and fourth stages
of the analog board include ADC drivers, which
convert the single-ended signals back to differential,
and AD7621 ADCs for conversion of analog signals
into digital signals, sampled at a rate of 217 Hz
(131,072 Hz) by the digital receiver board. The sampling frequency of 131,072 Hz was chosen so that
only signals >90 kHz can alias into the measured
frequency band. Therefore, the stopband requirement of the anti-aliasing filter is met by the 88 kHz
cutoff. Additionally, the analog receiver board provides regulated voltage supply to each preamplifier.
The entire analog receiver board, shown in Figure
9, is 93 mm by 90 mm, allowing for integration in a
standard 1 U form, and weighs less than 50 grams.
The analog receiver consumes approximately 2.5 W.

The digital receiver board controls the ADC conversion on the analog board via SPI buses and performs data processing and reduction via an onboard
FPGA (Kintex-7), described further in the following section. The digital receiver board controls ADC
conversion through a 217 Hz sampling clock and uses
RS-422 interface and an I2C to the CDH board for
digital data transfer for downlink. The FPGA is
driven by a 16.7 MHz oscillator and receives a pulseper-second signal from the XACT ADCS. The digital board also includes voltage, current, and temperature monitoring for housekeeping. The digital
board, shown in the bottom of Figure 9, also conforms to the 93 mm by 90 mm board size with a
populated weight of fewer than 55 grams and a total
power consumption of 2 W. Both analog and digital
boards interface through a back plane printed circuit
board, which routes power from the electrical power
system and data from the digital board to CDH.

Reid

DATA PROCESSING
Continuous, full-resolution VLF time-series data
from CANVAS would amount to almost 100 GB per
day. However, the CANVAS science goals require
continuous observations in order to build a global
climatology of VLF wave activity. Therefore, onboard data processing is required to reduce the data
volume while minimizing the impact on science data
quality. CANVAS will operate in a “fast survey”
mode to achieve climatology estimates of VLF energy. As Figure 1 shows, single whistler events can
last several hundred milliseconds. CANVAS will average data samples with a longer time resolution of
1 second to capture the energy of these events in a
single integration period. This time resolution allows for a feasible data volume of ∼210 MB per day
for downlink. For comparison, the survey mode of
7
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spectra and cross spectra components make up the
“spectral matrix” that is used to determine wave parameters on the ground (described next). The power
values are then averaged in frequency into 57 logspaced frequency bins with frequency resolution better than 10% and an additional ten high-resolution
frequency bins centered around known VLF transmitters. Next, 128 spectra and cross-spectra outputs
are accumulated in time and averaged to form a 1second resolution data product, providing enough
temporal and spatial information to resolve whistler
energy. Finally, the averaged spectra and cross spectra power are compressed using a pseudo-logarithmic
compression scheme, and packetized prior to transmission to the CDH board inside the spacecraft.
The original five channels of VLF data form five
real power spectra values and ten complex crossspectra values. This data format is transmitted to
the ground and then processed as a five-channel
spectral matrix. Following singular value decomposition methods detailed by Santolı́k,19 the fivechannel spectral matrix will be processed to determine wave power, Poynting vector, polarization, planarity of polarization, and fully defined k-vector, or
direction of propagation of the wave.
CURRENT STATUS
The CANVAS VLF receiver is currently being prepared for pre-integration review, planned for
summer 2021. Engineering models of the instruments have been built and are undergoing testing to
validate requirements by observing natural VLF signals on the ground, while all PCBs are nearing their
flight revision. The payload will be integrated into
the spacecraft in Fall 2021 and will undergo thermal
vacuum and vibration testing prior to delivery to
the launch services provider. Depending on launch
manifesting, launch is estimated for late 2022.

Figure 9: Analog (top) and Digital (bottom)
Receiver Boards
the VPM CubeSat consisted of 26 second integrations, the DEMETER survey mode consisted of
2 second integrations, and the ZH-1 survey mode
consists of 3 second integrations. The CANVAS integration is performed in the following steps, and is
based on the signal processing algorithm used by the
FIELDS instrument on Solar Probe Plus.18
Data is sampled at 217 Hz on each channel by the
ADCs and transferred to the onboard FPGA. These
samples flow into a rotation module that rotates
the magnetic field channels into the electric field
coordinate frame, which is equivalent to the spacecraft frame for CANVAS. Next, the rotated samples
flow into a fast Fourier transform (FFT) processor,
which performs 1024-pt FFTs on the time domain
data. Spectral power components are calculated in
each frequency bin, along with cross-spectra components that combine pairs of field components. These
Reid
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